INTRODUCTION
When the evolution of traits does not match the expectations of a scenario of adaptation, these traits are often described as being constrained (Gould & Lewontin 1979; Bell 1987; Wagner 1995; Podos 1997) . Good empirical examples of phylogenetic constraint, however, are generally lacking (Schwenk 1995; Maynard Smith et al. 1985; McKitrick 1993) . McKitrick (1993, p. 309 ) de¢ned phylogenetic constraint as`any result or component of the phylogenetic history of a lineage that prevents an anticipated course of evolution in that lineage'. Phylogenetic constraints or inertia may result from a lack of appropriate genetic variation for the origin of an adaptive trait or from a trade-o¡ between an existing adaptation and the evolution of a novel adaptation that cannot be overcome with standing genetic variation (Wagner 1995; Maynard Smith et al. 1985) . Such constraints may often result in an evolutionary lag between environmental change and the origin of a new adaptation. Here we explore the role of constraint on the evolution of male parental care in the dabbling ducks.
Among animal species, considerable variation exists in the kind and amount of parental care provided to o¡spring as well as in the relative contributions of males and females (Trivers 1972; Clutton-Brock 1991) . A few workers have examined the evolution of parental care in a phylogenetic context (McKitrick 1992; Emerson 1996; Reynolds & Szekely 1997) yielding insights into the conditions that may favour the origin or loss of parental care strategies. While all female dabbling ducks invest heavily in parental care (laying and incubating eggs then brooding, leading and defending ducklings), parental care by males is variable and associated with geographic distribution. Whereas males of all species in the Northern hemisphere desert their mates during incubation (Kear 1970) , male behaviour in Southern hemisphere species is variable; males of some species provide parental care (in the form of leading and defending ducklings, Kear 1970; Siegfried 1974; Buitron & Nuechterlein 1989; McKinney & Brewer 1989; McKinney 1991) , while males of other species desert the female. One possible explanation for behavioural variation among dabbling ducks from the Southern hemisphere is that environmental variation within the Southern hemisphere selects for di¡erent male strategies. However, species with alternative male parental care strategies can often be found breeding on the same ponds (McKinney & Brewer 1989) , so environmental di¡erences are unlikely to explain variation within the Southern hemisphere (unless there are other species-speci¢c di¡erences which alter the relative costs and bene¢ts for parental care). This behavioural di¡er-ence between closely related species in the same environment raises the possibility of constraint.
McKinney (1991) suggested that the general relationship between hemispheric distribution and male parental care in dabbling ducks could be explained by environmental factors and their in£uence on the length and timing of breeding seasons. Northern hemisphere ducks have a relatively short, synchronous breeding season each spring, and males presumably bene¢t by deserting the female during incubation and moving to moulting areas in preparation for autumn migration. This early departure from breeding areas precludes the evolution of male parental care. In contrast, breeding in the tropics and Southern hemisphere can occur over an extended period of time (tropics) or may be irregular and unpredictable (Southern latitudes). As a result, males may remain in the breeding area (i) to maintain long-term pair bonds (Kear 1970; McKinney 1991; Sorenson 1992) , (ii) to engage in forced extra-pair copulations (McKinney et al. 1983 ) with females over an extended period (but see Sorenson 1992) , and (iii) because their mates' breeding may be unpredictable (Siegfried 1974; Sorenson 1992; Sorenson et al. 1992) . Remaining on the breeding area allows males to provide brood care and perhaps increase the survival of young. To test this`breeding season hypothesis', we examined the evolution of male parental care in relation to breeding system, a binary character incorporating the length of breeding season, photorefractoriness and gonadal regression (Murton & Kear 1976 ).
METHODS
We scored species of dabbling ducks as either type A (long breeding season and absence of a photorefractory period and gonadal regression) or type B (short, seasonal breeding with a photorefractory period and gonadal regression at the end of the season) using Murton & Kear (1976) . Most tropical and Southern hemisphere dabbling ducks have a type A breeding system, while type B is universally observed in Northern hemisphere species. We scored species as exhibiting male parental care or not from McKinney (1991, personal observation) . We also scored species as breeding either in the Northern hemisphere or Southern hemisphere^tropics. We reconstructed changes in these characters over a mtDNA phylogeny (Johnson & Sorenson 1998 ) using MacClade (Maddison & Maddison 1992) with unordered parsimony. We tested the hypothesis that gains in male care occurred on branches with type A reconstructed (i.e. branches on which the character state type A for breeding system is inferred to be present using parsimony) using both the concentrated changes test (Maddison 1990 ) and contingent states test (Sille¨n-Tullberg 1993) . We also determined whether changes in breeding system were associated with hemispheric distribution using the concentrated changes (Maddison 1990 ) and contingent states (Sille¨n-Tullberg 1993) tests.
To determine whether hemispheric distribution, breeding system and male parental care exhibit phylogenetic inertia in the dabbling ducks, we used the randomization procedure of Maddison & Slatkin (1991) . We randomized observed character states to taxa 1000 times and determined if the observed number of steps in a character is shorter than the randomized distribution. To determine if evolutionary time-lags occur in changes in male parental care, we examined branch lengths (using the mtDNA data of Johnson & Sorenson (1998) ) of taxa which did and did not ¢t the predicted pattern of male parental care in species with a type A breeding system. We calculated the average branch length of Southern hemisphere species with a type B breeding system to their nearest Northern hemisphere ancestors with type B and compared this to the average branch length for Southern hemisphere type A species to the nearest type B ancestors.
RESULTS AND DISCUSSION
Breeding system was signi¢cantly associated with geographic distribution (concentrated changes (Maddison 1990 ) and contingent states (Sille¨n-Tullberg 1993) tests; table 1, p 5 0.05) suggesting an evolutionary response of breeding physiology to environmental conditions. In addition, gains in male parental care occurred on branches with type A breeding system reconstructed, while losses occurred on branches with type B reconstructed, and the number of these associated changes was larger than expected by chance (Maddison 1990 ; Sille¨n-Tullberg 1993; p 5 0.015, see ¢gure 1 and table 1). These results suggest that di¡erences in the length of breeding season in£uence the evolution of male parental care.
Although the breeding-season hypothesis is supported as an ultimate adaptive explanation for parental care in the dabbling ducks, exceptions to the overall pattern suggest an evolutionary lag in the breeding system and parental care in response to the invasion of new environments. The evolutionary responses of dabbling duck lineages that enter the tropics and Southern hemisphere conform to one of three basic patterns: (i) changes in both breeding season length and male parental care; (ii) change in breeding season only; and (iii) retention of both type B breeding and male desertion (¢gure 2). Type B breeding is conserved in two groups,`blue-winged ducks' and`mallards', that are distributed in both the Northern and Southern hemispheres. Both of these groups appear to have evolved relatively recently (within the last 1.3 million years using a rate of 2% sequence divergence per million years for mtDNA; Klicka & Zink 1997) based on branch lengths and genetic distances (see ¢gure 3 for the mallards). The average branch length (number of DNA base changes) of Southern hemisphere species with type B breeding system to the nearest Northern ancestor with type B is 24.2 (range 0^47), while the average branch length for Southern hemisphere species with type A breeding system to the nearest ancestor with type B is 92.3 (range 5^143). Seven species of mallards and four species of blue-winged ducks live in the tropics or Southern hemisphere; however, only one of these 11 species (Anas smithi) has a type A breeding system. These observations suggest a time lag (phylogenetic constraint or inertia) in the evolution of new physiologies and behaviours in dabbling ducks colonizing the Southern hemisphere.
To examine the potential for phylogenetic inertia in breeding system, we analysed the phylogenetic information (Maddison & Slatkin 1991) comparing the actual number of changes in these characters to an expected distribution based on random assignment of character states to taxa. The breeding system contains signi¢cant phylogenetic signal (p 5 0.01, i.e. shows many fewer steps than random assignments), but biogeographical distribution does not (p 4 0.10). These results suggest phylogenetic inertia or constraint in the breeding system because it contains a phylogenetic component while the putative selective agent (environment and geography) is largely independent of phylogenetic history. In addition, the lack of association between breeding system and biogeographic distribution in some groups given the apparent adaptive changes in others is evidence that the`expected course of evolution' is not observed in some of these very closely related lineages. Speci¢cally, it may be relatively di¤cult to make a transition from a short breeding season with gonadal regression to a long breeding season with no gonadal regression. Lack of appropriate genetic variation for hormone pathways involved in gonadal regression (Camper & Burke 1977 ) may be a mechanism that constrains the evolution of male parental care. Prolactin in£uences both gonadal regression and parental behaviour in birds (Camper & Burke 1977; Pederson 1989; Buntin 1996) , and no species in the dabbling ducks with gonadal regression (type B) exhibits male parental care. In addition, Hahn et al. (1997) suggest that the transition from absolute photorefractoriness to temporal £exibility of reproduction may be di¤cult because of a lack of synthesis of cGnRH-1, a hormone critical for reproduction, during the photorefractory period in photorefractory species. These 762 K. P. physiological considerations, together with the apparent time lag (see above), suggests that some factor (presumably lack of genetic variation or a physiological trade-o¡ ) prevents rapid evolution. The mallards are one group where phylogenetic constraint appears to be the strongest. Many mallard species are co-distributed with other dabbling duck species (some breeding on the same ponds) that exhibit male parental care and lack gonadal regression. However, no mallard species shows male parental care or gonadal regression. Inheritance of gonadal regression from a common ancestor and the recent radiation of this group based on phylogenetic branch lengths (¢gure 3) is suggestive of a constraint (McKitrick 1993) operating on these two adaptations.
The evolution of parental care behaviour in the dabbling ducks can be partially explained by an adaptive link between male desertion and a short breeding season. However, to fully understand the evolution of male parental care in this group, it is also important to understand evolutionary time-scales and the physiological mechanisms of breeding season length and parental behaviour. Recent changes in geographic distribution coupled with a lack of genetic variation in hormonal mechanisms may constrain the evolution of a potentially adaptive behaviour (male parental care) in some dabbling duck species. Both adaptation and phylogenetic constraint are important in the evolution of male parental care in the dabbling ducks.
